Mating pheromone represses synthesis of full-length PRY3 mRNA, and a new transcript appears simultaneously with its 5 terminus 452 nucleotides inside the open reading frame (ORF). Synthesis of this shorter transcript results from activation of a promoter within the PRY3 locus, and its production is concomitant with the rapid disappearance of the full-length transcript. Evidence is consistent with the pheromone-induced transcription factor Ste12p binding two pheromone response elements within the PRY3 promoter, directly impeding transcription of the full-length mRNA while simultaneously inducing initiation of the short transcript. This process depends on a TATA box within the PRY3 ORF. Expression of full-length PRY3 inhibited mating, while no disadvantage was detectable for cells unable to make the short transcript. Therefore, Ste12p is utilized as a repressor of full-length PRY3 transcription, ensuring efficient mating. There is no evidence that production of the short PRY3 transcript is anything more than an adventitious by-product of this mechanism. It is possible that cryptic binding sites for transcriptional activators may occur frequently within genomes and have the potential of evolving for rapid, gene-specific repression by mechanisms analogous to PRY3. PRY3 regulation provides a model for the coordination of both inductive and repressive activities within a regulatory network.
Cells respond to changes in their environment through activation of genetic regulatory networks, groups of genes with mutual regulatory interactions. Coactivated or repressed genes and their specific regulators function together, altering the cellular composition to cope with a varying environment (18, 30, 43, 44) . Upon reception of intrinsic or extrinsic cues, cellular needs are met both through production of new proteins and through silencing the expression of genes whose respective protein products are not needed or would be deleterious to the cell during a particular developmental program or environmental condition. Down-regulation of transcript levels can be mediated through multiple mechanisms of transcriptional repression (31, 35, 38) and though regulated degradation (37, 54) . Furthermore, translation of transcripts can be silenced, either directly (29, 34, 37) or through alterations of transcript structures (29) resulting in either exposure of elements inhibitory to translation (26, 39, 55) or exclusion of translational start sites (29) .
Our previous work revealed the frequent occurrence of altered 5Ј termini among transcripts during cellular responses to new environmental conditions (29) . In every case, one of the transcript forms was inefficiently translated, while the other was efficiently loaded with ribosomes. For some, the undertranslated transcript possessed a long 5Ј leader originating from an upstream intergenic start site suggesting the presence of an independent promoter. However, several of the transcripts were shortened under the new conditions with their 5Ј terminus residing within the open reading frame (ORF), in turn preventing the production of the full-length protein.
In order to better understand the processes by which these 5Ј structural alterations occur, we analyzed the mechanism(s) responsible for producing, in response to Saccharomyces cerevisiae mating pheromone, an altered PRY3 transcript with its 5Ј terminus residing within the ORF at ϩ452 relative to the translational initiation codon of the full-length protein. Pry3p is a cell wall protein (56) of unknown function but whose transcript is cell cycle regulated with the "SIC1 cluster" (51) . The promoter region of PRY3 contains putative binding sites for either the daughter cell-specific transcription factor Ace2p or the non-cell-specific activator Swi5p (11) . The PRY3 promoter region directs reporter expression only in daughter cells (9) , suggestive of a role specifically in their cell wall structure.
Here we report that the pheromone-responsive transcription factor Ste12p and its binding sites near the TATA box upstream of the PRY3 gene impede transcription from the fulllength start site and in the process activate an intragenic promoter, which generates the short PRY3 transcript. The daughter-specific transcription factor Ace2p is required for active transcription from both full-length and internal start sites, and since full-length PRY3 expression is inhibitory to mating, repression by Ste12p must optimize the mating competence of newborn daughter cells. The multiple elements within the PRY3 locus are a clear example of local competition providing a platform for coordinating inductive and repressive activities within a regulatory network, in this instance the response to pheromone.
MATERIALS AND METHODS
Yeast strains and growth conditions. Strains used in this study are listed in Table 1 . All yeast strains were derived from strain BY2125 (W303 background; kindly provided by L. Breeden, Fred Hutchinson Cancer Research Center, Seattle, WA) by standard methods (22) , except strain KB1132, which was derived from strain XWV01 followed by tetrad dissection. Yeast transformations were performed using the lithium acetate transformation method described previously (19) , and gene replacements were introduced using the one-step gene disruption technique (45) . pFA6a-13Myc-kanMX6 (33) was used as a PCR template for the kanamycin resistance marker used to replace the PRY3 locus (the PRY3 open reading frame together with 700 bp 5Ј and 370 bp 3Ј; strain KB1132), and mutants were selected on G418 (Geneticin; Invitrogen). Media and culture conditions were essentially as described previously (49) . Yeast cells were grown at 30°C in YPD (1% yeast extract, 2% peptone, and 2% glucose) or selective synthetic medium with 2% glucose (SD) supplemented with 50 g/ml adenine, 100 g/ml tryptophan, and 0.2% Casamino Acids and lacking uracil to select for URA3 plasmids. Unless otherwise noted, cells were grown to mid-log phase (approximately 1 ϫ 10 7 cells/ml) before harvesting. Construction of CEN plasmids carrying the wild-type and mutant PRY3 locus. The plasmids used in this study are listed in Table 1 , and relevant primers are listed in Table 2 . The PRY3 ORF plus 1,185 bp 5Ј and 850 bp 3Ј was cloned into the polylinker region of pRS316 at the NotI and HindIII sites to create pKB51. The BamHI site located near the HindIII site in the vector was destroyed by BamHI digestion, T4 DNA polymerase fill-in of the sticky ends, and blunt-end ligation to facilitate future cloning steps. This construct and future derivatives were sequenced to confirm accuracy. The 5Ј region of the PRY3 locus was excised from pKB51 between NotI and an internal PRY3 BamHI site and ligated into pBSII SK(ϩ) to generate pKB52. pKB52 was used as the template for sitedirected mutagenesis of all promoter elements. After confirmation of the correct sequence, the NotI-BamHI fragment was excised using the same enzymes and religated back into the parent pKB51 plasmid to create the mutant PRY3 locus plasmids described below. Site-directed mutagenesis was performed with primers listed in Table 2 . Briefly, PCR (15 cycles, 60°C annealing temperature) used Phusion Hi-Fi polymerase (2.5 U/reaction; Finnzymes, Espoo, Finland) and 125 ng each of forward and reverse primer-generated products. Reaction mixtures were DpnI digested, followed by phenol-chloroform (1:1) extraction. For linear products due to a short deletion, T4 polynucleotide kinase (20 U/reaction; New England Biolabs, Ipswich, MA) was used for addition of a terminal phosphate, followed by ligation. All plasmid PCR products were transformed into XL1-Blue competent cells (Stratagene, La Jolla, CA). For construction of pKB232, the TATA box at ϩ385 was mutated from TATAAATAT to TACAAGTAT, which disrupts the consensus site (2) but codes for the identical amino acids. To generate pKB224, 22 bp from Ϫ175 to Ϫ154 (relative to the first coding AUG) was replaced by a 5-bp insertion (HindIII site), eliminating both pheromone response element (PRE) sequences. To generate pKB122, 42 bp from Ϫ500 to Ϫ459 (relative to the AUG) was replaced by a 6-bp insertion (NcoI site), eliminating all four Ace2p/Swi5p consensus sequences. For construction of pKB112, the TATA box at Ϫ188 was mutated from TATATA to ATCGAT.
RNA analysis. For total RNA isolation, cells were grown to mid-log phase, harvested, and lysed in 450 l ice-cold RNA lysis buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 10 mM EDTA) by glass bead bust (vigorous vortexing for 3 min at 4°C) followed by addition of 450 l RNA buffer plus 1.3% sodium dodecyl sulfate. Samples were phenol, phenol-chloroform (1:1), and chloroform extracted. RNA was precipitated with NaCl and ethanol and resuspended with RNase-free water. For Northern blot analysis, aliquots (10 g) of total RNA were run for 5 h at 96 V on 1% agarose gels containing 1.8 M formaldehyde in 40 mM morpholinepropanesulfonic acid (MOPS)-acetate buffer (pH 7.2), transferred to nylon membranes (GeneScreen Plus; Perkin-Elmer) for 72 h, and hybridized with [␣-32 P]dCTP-labeled probes specific for PRY3 (487 nucleotides from ϩ1113 to ϩ1600) and ACT1.
RNase protection assays were carried out as previously described (47) with a few modifications. The PRY3 RNase protection assay probe, containing 719 nucleotides of coding sequence and spanning both transcriptional start sites, was generated by linearization of pKB52 with SacII and synthesized from the T7 promoter incorporating [␣-
32 P]UTP. The probe was isolated from a sequencing gel to ensure full-length integrity. The RNA probe was hybridized to 50 g of total RNA for each sample at 65°C for 12 to 16 h, followed by RNase A (40 g/ml) digestion at 4°C for 60 min. RNase-protected fragments were run on a 6% sequencing gel with an RNA Century Plus marker (Ambion). S1 nuclease assays were performed as previously described (47) with gelpurified oligonucleotide probes (QIAGEN Corp.). Both S1 probes, P1 and P2, each contain five bases of nonhomologous sequence at the 5Ј end ( Table 2) . Probes were individually end labeled with [␥-32 P]ATP, mixed together in equal amounts, and hybridized at 65°C to 50 g of total RNA (DNase I treated) for each sample. After hybridization, 60 U of S1 nuclease (Invitrogen) was used for digestion at 37°C for 30 min. S1 reactions and sequencing reactions, generated from pBSII SK(ϩ), were run in parallel on 8% sequencing gels.
Hybridization or probe protection intensities for Northern blot, RNase protection, and S1 nuclease assays were quantified with a PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was carried out as previously described (32) with a synthesized RNA oligonucleotide adaptor (Invitrogen). The sequences for the RNA adaptor as well as specific primers used for reverse transcription and nested PCR can be found in Table 2 . Enzymes used in this protocol were calf intestine alkaline phosphatase (CIP) (20 U/reaction; New England Biolabs), tobacco acid pyrophosphatase (TAP) (5 U/reaction; Epicenter Biotechnologies), RNaseOut (RNase inhibitor, 10 U/reaction; Invitrogen), T4 RNA ligase (2 U/reaction; New England Biolabs), and Thermo-X reverse transcriptase (200 U/reaction at 65°C; Invitrogen). Five micrograms of total RNA from untreated and ␣-factor-treated cells was analyzed by RNA adaptor ligation to non-CIP/non-TAP-treated aliquots (no cap) and to CIP/TAP-treated aliquots (capped). Some CIP-only-treated RNA aliquots were also ligated to the adaptor as a control for the CIP enzymatic reaction. PCR products were sequenced using gene-specific reverse primers ( Table 2) . Yeast biological assays. Cells were treated with ␣-factor (7 M) dissolved in methanol as previously described (29, 34, 37) . 1,10-Phenanthroline (SigmaAldrich) was dissolved in ethanol at a concentration of 100 mg/ml and added to cells to a final concentration of 100 g/ml to inhibit RNA synthesis (20) .
Quantitative mating assays were performed essentially as described previously (22) . Cells (1 ϫ 10 6 ) from a MATa experimental strain (KB1127) containing one URA3 ϩ plasmid (pKB51, pRS316, or pKB224) grown in SD medium lacking uracil were mixed with 1 ϫ 10 7 MAT␣ wild-type cells (BY4742) grown in YPD and collected by vacuum filtration onto 0.45-m-pore-size, 25-mm nitrocellulose filter disks (Millipore). Disks were incubated on top of YPD plates at 30°C for 3 h. Cells were resuspended in water, sonicated briefly, and diluted to titer a/␣ diploids (selected on SD plates lacking uracil and tryptophan) and MATa haploids plus a/␣ diploids (selected on SD plates lacking uracil). Mating efficiency was calculated as the number of a/␣ diploids divided by the total number of colonies on the SD plates lacking uracil (a/␣ diploids plus MATa haploids) and expressed as a percentage.
RESULTS
Mating pheromone induces an alteration in the 5 terminus of the PRY3 transcript. We previously reported an alteration in the 5Ј structure of the PRY3 mRNA when cells are treated with ␣-factor (29) . In growing cells, the 5Ј terminus of PRY3 resides at Ϫ76 relative to the initiation AUG of the ORF, while following ␣-factor treatment, the PRY3 5Ј terminus was found at ϩ452 (29) . The 3Ј untranslated region of PRY3 is 357 nucleotides in length and did not change during pheromone treatment (L. Law, unpublished data). In Fig. 1A , we depict the established structure of the full-length PRY3 mRNA, including the sequence coding for the secretory signal for the full-length cell wall protein, and designate the start of the shorter ϩ452 PRY3 form as well as the next in-frame AUG at ϩ568. The results of 5Ј RACE suggest that the transcript is contiguous with the gene sequence, eliminating the possibility of intron excision as an explanation for the decrease in transcript length (46) . This was confirmed by RNase protection (Fig. 1B) . RNase protection assays were carried out using a probe detecting both short and full-length transcriptional start sites. This probe was confirmed to be PRY3 specific by testing it on total RNA isolated from a ⌬pry3 strain (data not shown) and completely digestible with RNase A when incubated with tRNA (Fig. 1B, lane 4) . RNase protection results in a prominent band consistent with the major 5Ј terminus at Ϫ76 in growing cells (Fig. 1B , lane 5) and a band consistent with ϩ452 in ␣-factor-treated cells (Fig. 1B, lanes 6 and 7) .
Northern blot assays also substantiate the previous results ( Fig. 1C ) and, together with RNase protection, demonstrate that the long form of the PRY3 transcript dissipates, while the shorter form of the transcript appears within 20 min and is retained for at least 50 min following addition of ␣-factor. Quantitation of Northern blots (four independent experiments) at 20 min after ␣-factor addition demonstrated a reproducible reduction in the level of PRY3 long form to 13% (Ϯ1%) of that of the untreated control. The short form, which is undetectable in untreated cells, accumulates to 66% (Ϯ2%) of the level of long form in untreated cells.
Kinetics of alteration in PRY3 transcript structure upon ␣-factor addition. Northern blot analysis and RNase protection assays suggested that the switch between long and short To analyze further the kinetics of these structural changes, we developed an S1 nuclease assay using a radiolabeled oligonucleotide probe (P1), which crosses the ϩ452 junction and differentiates between full-length and shorter PRY3 transcripts. A second radiolabeled oligonucleotide probe (P2) that detects a sequence common to both transcripts, located at the 3Ј end of the PRY3 ORF, was added to each S1 nuclease reaction and used as a control for digestion and recovery ( Fig. 2A) . ␣-Factor was added to wild-type cells, and samples were harvested and frozen at the indicated times. Total RNA was isolated, and the PRY3 transcripts were analyzed quantitatively by S1 nuclease assay across the time course ( Fig. 2B and C ). The kinetics demonstrate that the decline in the level of the full-length form of PRY3 was nearly complete by 5 min after ␣-factor addition (Fig. 2B, lane 8 ; Fig. 2C ), while the ϩ452 form became detectable after 5 min and reached steady state by ϳ15 min (Fig. 2C) . The final levels of both transcript forms remained stable at least 90 min following pheromone addition (data not shown). These results were confirmed with an RNase protection assay over the same time course (data not shown). We conclude that these changes in PRY3 transcript structure are both rapid and sustained in the presence of ␣-factor. The appearance of the PRY3 short transcript requires transcription. The fact that the long PRY3 transcript disappeared more quickly than the short form accumulated is inconsistent with a simple processing mechanism that would convert the long to short forms. To address the possibility that the fulllength PRY3 decay rate was accelerated in the presence of ␣-factor, we employed the drug 1,10-phenanthroline (20, 48) to inhibit RNA synthesis. 1,10-Phenanthroline was added to steady-state growing cells, and the full-length PRY3 transcript level (as assessed by probes P1 and P2) was quantified over a time course. The demonstrated half-life for full-length PRY3 was 6 to 10 min (Fig. 3A and B) , similar to the rapid decline of full-length PRY3 observed in the presence of ␣-factor (Fig. 2) . These results suggest no enhancement of degradation by pheromone.
To determine if RNA polymerase II (Pol II) activity is required for the appearance of the short form, 1,10-phenanthroline was added to growing wild-type cells to block transcription 5 min prior to the addition of ␣-factor to the culture. Total RNA was isolated from cell samples frozen at the indicated times, and PRY3 transcripts were analyzed by S1 nuclease assay as previously described. As expected, following ␣-factor addition, the level of the full-length form of PRY3 declined while the ϩ452 form of PRY3 did not accumulate significantly, consistent with transcription being required for this event ( Fig. 3C  and D) . The small amount of ϩ452 transcript formed and the remaining long form were most likely due to residual RNA Pol II activity in the presence of 100 g/ml of 1,10-phenanthroline (48) . These data imply that while the ␣-factor-dependent decline in full-length PRY3 is consistent with a block in transcription followed by normal PRY3 decay, the short form is produced by new transcription in response to pheromone treatment. However, the requirement for transcription could be indirect.
If the ϩ452 form of PRY3 were the result of cleavage or degradation of the full-length transcript, it should not contain 6 and 7) . The RNase protection probe, containing 719 nucleotides of coding sequence and detecting both PRY3 transcriptional start sites, is shown in lanes 2 and 3 at two concentrations. An RNA ladder (lane 1) allows calculation of probe protection and confirms 5Ј termini of the two PRY3 transcripts (marked with arrows). Lane 4 is probe mixed with tRNA (50 g) as a digestion control. These data are representative of three independent experiments. (C) Northern analysis of PRY3 in wild-type cells treated with ␣-factor. RNA was isolated from cells that were treated or not for 20 and 50 min. The blot was reprobed for ACT1 as a loading control. This result was obtained in four independent experiments. The arrows mark the full-length and short PRY3-specific transcripts.
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on April 8, 2017 by guest http://mcb.asm.org/ a cap at its 5Ј terminus. Alternatively, if the PRY3 ϩ452 transcript were produced from of a new promoter within the PRY3 locus, it should possess a 7-methyl guanosine cap (21) . To differentiate between these possibilities, we used RLM-RACE to selectively amplify gene-specific PCR products from pools of capped and uncapped total RNA isolated from cells treated and not treated with ␣-factor (Fig. 4) . Briefly, an RNA adaptor was ligated to termini of RNAs containing an exposed 5Ј phosphate (most uncapped RNAs). To examine pools of uncapped RNAs, we ligated the RNA adaptor to transcripts from total RNA isolations and then carried out gene-specific reverse transcription and amplification (Fig. 4, "no cap" ). Pools of capped RNAs were examined by a three-step process: removal of 5Ј phosphates from uncapped RNAs using CIP and removal of 7-methyl guanosine caps (leaving exposed 5Ј phosphates) using TAP, followed by ligation of the RNA adaptor to this pool of RNAs (Fig. 4, "cap") . To confirm that we were detecting only capped RNAs in this pool, we ligated the RNA adaptor to a pool of RNAs treated only with CIP as a test for incomplete phosphatase reactions (Fig. 4 , "control"). Following ligation of the RNA adaptor selectively to pools of capped and uncapped RNAs, RNAs were reverse transcribed with PRY3 and STE2 gene-specific primers. Gene-specific RACE products, from two independent primer sets, were derived from PCRs using an adaptor-specific forward primer and genespecific reverse primer. PRY3-specific long and short RLM-RACE products from untreated and ␣-factor-treated (30-min) cell RNA extracts were found in the capped pools of mRNA (Fig. 4A, lanes 6, 7,  13, and 14) . We subsequently sequenced these amplification products to verify that the 5Ј termini were at Ϫ76 (untreated) and ϩ452 (␣-factor treated) relative to the first coding AUG as was found previously (29) . Neither of these PRY3 amplification products was found in the "control" lanes (Fig. 4A, lanes 4, 5,  11, and 12) . Interestingly, the ϩ452 RLM-RACE products were amplified in the "no-cap" (ϩ␣-factor) condition (Fig. 4A,  lanes 3 and 10) , demonstrating that some uncapped ϩ452 PRY3 transcript exists. The uncapped population of ϩ452 transcripts could result from processing the long PRY3 transcript; however, because a capped population of short transcript exists, it is most likely due to decapping of the newly transcribed short mRNA. The RLM-RACE and sequencing results with STE2 serve as a control for the fidelity of this experimental approach as its 5Ј terminus is known to remain at Ϫ31 relative to the translation AUG initiation codon in both treated and untreated cells (Fig. 4B, lanes 22 and 23) (29) . From both the RLM-RACE and the 1,10-phenanthroline results, we conclude that the ϩ452 PRY3 transcript is the result of new transcription at the PRY3 locus following exposure to ␣-factor.
Influence of ACE2 on PRY3 transcript expression. Given that PRY3 is expressed during G 1 (51) , and the full-length promoter region drives expression of a reporter gene specifically in daughter cells (9), we tested the influence of the ACE2 gene, which regulates daughter cell-specific transcription during G 1 , on the structure and quantity of the PRY3 transcripts. Total RNA was isolated from ⌬ace2 cells with and without ␣-factor treatment for 30 min. Northern blot analysis demonstrated that ACE2 was required for wild-type levels of PRY3 expression (compare lanes 1 and 5 in Fig. 5 ), confirming daughter cell-specific expression of this gene. The small   FIG. 2 . Kinetics of alteration in PRY3 transcript structure during an ␣-factor time course. (A) Oligonucleotide probes for S1 nuclease assay were designed as shown, with an additional five bases of nonhomologous sequence at the 5Ј end of the probe to control for S1 nuclease activity. (B) Total RNA was isolated from wild-type cells treated or not treated with ␣-factor for the indicated times. Probe hybridization was performed with a mix of both probes, followed by S1 nuclease digestion (see Materials and Methods). A sequencing reaction from pBSII SK(ϩ) plasmid generated the base pair ladder (lanes 1 to 4). Lane 5 is the mixture of the two probes with no S1 added during the experiment. Lane 6 is the probe mixture hybridized to tRNA (50 g) as a digestion control. These data are representative of five independent experiments. (C) Levels of full-length transcript (solid line with triangles) and ϩ452 transcript (dashed line with squares) were quantified from the S1 nuclease assay in panel B. Values for both are shown as a percentage of the intensity of the full-length transcript at 0 min. Total PRY3 levels (dotted line with diamonds) are the P2 probe quantities for the ␣-factor time course plotted as percentage of the total transcript at 0 min.
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on April 8, 2017 by guest http://mcb.asm.org/ Downloaded from amount of PRY3 transcript detected (6% of wild-type levels) was possibly due to activation by Swi5p in the vicinity of Ace2p binding sites or possibly through other transcriptional regulators; both have been demonstrated for other genes in the absence of Ace2p (13). The peak of PRY3 transcription during early G 1 and the presence of possible Ace2p binding sites in the region of the PRY3 promoter are consistent with a direct role of Ace2p. Production of the short form of PRY3 was also dependent on ACE2 (Fig. 5, lane 6 ) and suggests that it, like the long form, may be restricted to daughter cells. Pheromone regulates PRY3 transcript structure via the Ste12p transcription factor. Acute pheromone treatment of wild-type cells drastically changes the transcriptome through the combined action of the mitogen-activated protein kinaseactivated transcription factor Ste12p and cell cycle arrest, which is dependent on Far1p. Thus, either or both of these pheromone-induced pathways could be responsible for the appearance of the short PRY3 transcript (15, 44) . It seems unlikely that PRY3 short form is regulated by the cell cycle, since no short form was detected by either RNase protection assay or Northern blotting in steady-state, cycling cells (Fig. 1B, lane  5, and 1C, lane 1) . To determine if the short PRY3 transcript is dependent on cell cycle arrest in G 1 phase, we disrupted the FAR1 gene. When treated with ␣-factor, ⌬far1 cells continue to cycle but can still mate, albeit with severely reduced efficiency (41) . Northern blot analysis showed that the short form of FIG. 3 . Analysis of PRY3 transcript structure in the presence of RNA Pol II inhibitor. (A) Total RNA was isolated from wild-type cells treated or not treated with 1,10-phenanthroline (100 g/ml) for the times indicated, followed by S1 nuclease assay as described in the Fig. 2 legend. (B) Levels of PRY3 transcript from panel A as detected by the 5Ј oligonucleotide probe (P1; solid line with triangles) or as detected by the 3Ј probe (P2; dotted line with diamonds) were individually quantified and shown as a fraction of the PRY3 transcript from cells at 0 min. Data are representative of four independent experiments. (C) Wild-type cells were treated with 1,10-phenanthroline (100 g/ml) for 5 min prior to the addition of ␣-factor at 0 min. Total RNA was isolated from cells harvested and frozen at the times indicated, followed by S1 nuclease assay as described in the (Fig. 5 , compare lanes 2 and 4). The ⌬far1 strain did not cell cycle arrest since 75% of ⌬far1 cells had buds (after 90 min of ␣-factor treatment), while only 6% of wild-type cells were budded after the same treatment. This result implies that pheromone-induced events other than cell cycle arrest are required for the alteration in PRY3 transcript structure. The primary transcription factor responsible for induction of pheromone-regulated genes is Ste12p (12, 44) . We tested whether the transcription factor was required for the change in PRY3 transcript structure by treating wild-type cells and cells lacking STE12 with pheromone for 30 min. Northern analysis revealed no change in transcript structure in ⌬ste12 cells treated with ␣-factor (Fig. 6A) . We confirmed these results by inducing the ⌬ste12 mutant with ␣-factor over a 60-min time course, isolating total RNA, and analyzing PRY3 transcript structure by S1 nuclease assay (Fig. 6B) . In this experiment, the ϩ452 transcript was undetectable over the 60-min time course. In addition, the full-length PRY3 transcript did not decrease in the ⌬ste12 mutant in the presence of pheromone. These results suggest a model in which appearance of the ϩ452 PRY3 transcript and repression of full-length PRY3 transcription both require the Ste12p transcription factor. However, the involvement of Ste12p is not necessarily directly at the PRY3 locus. Regulatory elements within the PRY3 locus. The PRY3 locus (the PRY3 ORF plus 1,185 nucleotides upstream and 850 nucleotides downstream of the full-length ORF) was cloned into a yeast CEN plasmid carrying URA3 for selection. This wild-type construct was transformed into a MATa haploid strain in which the chromosomal PRY3 ORF plus 700 nucleotides upstream and 370 nucleotides downstream was replaced with the kanamycin resistance marker (⌬pry3loc). Both the full-length and short PRY3 mRNAs were transcribed from the wild-type construct in quantities similar to those of a wild-type strain ( Fig. 7B and 7C ; compare lanes 1 to 3 with Fig. 1C, lanes 1 to 3) . An S1 nuclease assay over a 60-min ␣-factor time course confirmed that the plasmidderived short form of PRY3 starts at ϩ452 (data not shown). FIG. 4 . PRY3 5Ј cap analysis by RNA ligase-mediated RACE. Transcript-specific RACE PCR products were analyzed by agarose gel electrophoresis. Data shown are representative of three independent experiments each using two independent, gene-specific primer sets demonstrating transcript specificity. For both PRY3-and STE2-specific RACE reactions, amplification products in the "no cap" lanes indicate the RNA adaptor ligated to the exposed 5Ј phosphates of uncapped transcripts. "Control" lanes indicate completeness of the CIP reaction. Amplification products in the "cap" lanes indicate the transcripts in which the RNA adaptor ligated to the newly exposed 5Ј phosphate groups of capped transcripts following the removal of the 5Ј cap by TAP. "NT" represents no-template control for PCRs. Lanes 1, 16, 17, and 25 are loaded with a 100-bp ladder. PCR products were isolated from lanes 3, 6, 7, 10, 13, 14, 22, and 23 and sequenced. (A) PRY3 RLM-RACE results for both primer sets used. Sequencing results from PCR products from lanes 3, 7, 10, and 14 demonstrated 5Ј termini at ϩ452 relative to the AUG translation initiation codon. Sequencing results from lanes 6 and 13 demonstrated 5Ј termini at Ϫ76. (B) STE2, an ␣-factor-induced transcript which has a known 5Ј transcriptional start site of Ϫ31 relative to the initiating AUG, was used as a control (results shown for primer set 1).
FIG. 5.
PRY3 expression is FAR1 independent but ACE2 dependent. Northern analysis of PRY3 in total RNA isolated from wild-type (WT), ⌬far1, and ⌬ace2 cells untreated or treated with ␣-factor for 30 min. The blot was reprobed for ACT1 as a loading control. Data are representative of two independent experiments. VOL. 26, 2006 ROLE OF Ste12p AS A REPRESSOR 7907
Additionally, the change in PRY3 transcript structure derived from the wild-type construct occurs at the same rate as in wild-type cells carrying an empty vector under the same growth conditions (data not shown). Therefore, all the features necessary for initiating a new transcriptional start site at ϩ452 are found within the PRY3 ORF and the associated 5Ј and 3Ј flanking sequences. Sequence inspection revealed the presence of sequences that could potentially regulate a change in promoter utilization at the PRY3 locus upon pheromone treatment. Two putative PREs, which are Ste12p binding sites (12) , were discovered juxtaposed between putative Ace2p/Swi5p binding sites and the transcriptional start site of the full-length transcript at Ϫ76 (Fig. 7A) . Additionally, a potential TATA box was found at ϩ385, which is 5Ј of the ϩ452 transcriptional start site (Fig.  7A) . To determine if these putative promoter elements are important for PRY3 transcript regulation, we tested two mutant constructs: a double point mutation of the putative TATA box at ϩ385 ("⌬TATA box 2"), which altered it from TATA AATAT to TACAAGTAT, and a deletion of both Ste12p binding sites ("⌬PREs"). By Northern analysis we observed that in cells containing ⌬TATA box 2, the level of full-length PRY3 was decreased after treatment with ␣-factor similarly to the wild-type construct (10% of the level of long transcript in untreated cells). The short transcript starting at ϩ452 appeared as only a faint, diffuse band ( Fig. 7B ; compare lanes 4 to 6 with 1 to 3 and Fig. 1C) , possibly due to weak cryptic transcriptional start sites as revealed previously in yeast by removing a functional TATA box (40) . When cells carrying the ⌬PRE construct were treated with ␣-factor, the level of the full-length transcript did not dissipate as observed in wild-type cells and the short transcript was never detected (Fig. 7B, lanes   7 to 9) . This result is identical to that obtained with the ⌬ste12 mutant in Fig. 6A and consistent with the Ste12p transcription factor acting directly at the PRY3 locus. These results suggest that there is a promoter located within the PRY3 locus specific for the short form and that during pheromone induction for mating, the short transcript is actively produced at the expense of the full-length transcript.
To further define the nature of the apparent switch in promoter usage, we sought to confirm the sites of the promoter elements for the full-length transcript. A possible upstream activation site (UAS 1) for the full-length transcript consists of a series of four putative Ace2p/Swi5p binding sites residing between Ϫ485 and Ϫ460 relative to the translation AUG initiation codon (Fig. 7A) . Additionally there is a putative TATA box at Ϫ188, located 5Ј of and in close proximity to the two PREs (Fig. 7A ). To investigate a potential role for these putative elements, two additional mutant constructs were made: a deletion of the putative Ace2p/Swi5p binding sites ("⌬UAS 1") and a disruption of the TATA box associated with the upstream promoter ("⌬TATA box 1"), changing it from TA TATA to ATCGAT. Like the ⌬ace2 mutant strain, the fulllength PRY3 transcript was greatly reduced in the ⌬UAS 1 construct (6% of that of wild-type levels), consistent with the Ace2p transcription factor acting directly at the PRY3 promoter (Fig. 7C, compare lanes 1 and 4) . In the absence of the UAS 1 region, the ϩ452 PRY3 transcript failed to accumulate to wild-type levels following pheromone treatment (5% of the level of full-length transcript in untreated cells), suggesting that the UAS 1 region is also required for full activation of the ␣-factor-induced transcript (Fig. 7C, compare lanes 5 and 6  with lanes 2 and 3) . In untreated cells carrying the ⌬TATA box 1 construct, expression of the full-length transcript was greatly diminished (11% of that of wild-type levels) and a small amount of short PRY3 transcript was detectable (Fig. 7C,  lane 7) . In contrast to the results from the ⌬UAS 1 construct, ␣-factor-treated cells carrying the ⌬TATA box 1 construct were able to produce wild-type levels of ϩ452 PRY3 transcript (Fig. 7C, lanes 8 and 9) . These results indicate that the Ace2p binding region is required for wild-type levels of full-length PRY3 transcription in growing cells, as well as ϩ452 PRY3 transcription in the presence of ␣-factor. Additionally, the TATA box found at Ϫ188 is required for induction of full-length PRY3 transcription and also contributes to preventing transcription from the ϩ452 start site in the absence of ␣-factor.
Expression of full-length PRY3 suppresses mating. It has been previously reported that strains deficient in PRY3 have increased mating efficiency (16) . To test if mating is influenced by long or short PRY3 transcript expression, a quantitative mating assay was used to establish mating efficiencies of a ⌬pry3 MATa yeast strain carrying the following three plasmids: (i) wild-type PRY3, (ii) empty vector (no PRY3 expression), and (iii) a construct that expresses only full-length PRY3 from the daughter cell-specific promoter with the PREs deleted (⌬PREs). These three strains were mated with a wild-type MAT␣ strain for 3 h and screened for diploid formation. The ⌬pry3 strain mated with an efficiency at least equal to that of wild type in four independent experiments (Fig. 8) . In contrast, strains expressing only full-length transcript, due to the PRE (B) Northern analysis of PRY3 transcript in total RNA isolated from ⌬pry3 strains carrying the following plasmids: wild-type (WT) construct, mutated TATA box 2 at ϩ385, deleted PREs, and empty vector. RNA was isolated from cells untreated and treated with ␣-factor for 20 and 50 min. The blot was reprobed for ACT1 as a loading control. Data shown are representative of two biologically independent experiments from ⌬pry3loc and ⌬pry3 strains carrying the plasmids. (C) Northern analysis of PRY3 in total RNA isolated from ⌬pry3 strains carrying the following plasmids: wild-type (WT) construct, deleted UAS 1, mutated TATA box 1 at Ϫ188, and empty vector. RNA was isolated from cells untreated and treated with ␣-factor for 20 and 50 min. The blot was reprobed for ACT1 as a loading control. Data shown are representative of two biologically independent experiments from ⌬pry3loc and ⌬pry3 strains carrying the plasmids. (Fig. 8) .
DISCUSSION
Start site selection is dictated by the architecture of the PRY3 regulatory region. There are multiple elements within the PRY3 locus that control two promoters. An upstream activation sequence containing as many as four putative Ace2p/ Swi5p binding sites is found at Ϫ485 to Ϫ460, and as expected from the presence of these binding sites (9) , wild-type transcription is dependent on the ACE2 gene. This upstream activation region is necessary to support transcription from both PRY3 start sites. Expression of full-length (mapped to Ϫ76) PRY3 requires a TATA box at Ϫ188 (TATA box 1). Juxtaposed between the Ϫ76 start site and TATA box 1 are two PREs which are necessary to invoke a rapid repression of full-length PRY3 transcription upon ␣-factor exposure. In addition to repression of the long transcript, these putative Ste12p binding sites are required for induction of the short form initiating at ϩ452, and both repression and induction through the PREs require the STE12 gene. Finally, the ϩ452 PRY3 transcript requires the TATA box positioned at ϩ385 (TATA box 2) for full induction. Sequence alignment of four closely related Saccharomyces species demonstrates that all of the promoter elements 5Ј of the full-length ORF are perfectly conserved (8, 24) . However, in only two species, Saccharomyces mikatae and Saccharomyces paradoxus, are the intragenic TATA box 2 at ϩ385 and the in-frame ATG at ϩ568 conserved. This evidence suggests that the mechanism for downregulating the long PRY3 transcript is likely conserved; however, it also alludes to the possibility that the act of transcription of the short form of PRY3 may not be an essential property of this regulatory mechanism.
Does the short PRY3 transcript have an independent biological role? The full-length PRY3 transcript codes for a cell wall protein (56) containing a conserved sperm-coating glycoprotein (SCP) domain from amino acids 24 through 152. The function of SCP domains remains elusive; however, these proteins have been implicated in pathogen resistance in plants (25) and immune responses in humans (14) , suggesting an intriguing functional link (52) . It is possible that a truncated form of Pry3p with biological function is translated from the pheromone-induced short form of the PRY3 transcript, as has been reported previously for a number of genes in yeast, including SUC2, MOD5, LEU4, and KAR4 among others (3, 5, 17, 53) . The fact that ribosomes load on the short PRY3 transcript after ␣-factor treatment, albeit inefficiently (approximately 2 ribosomes per 1,000 nucleotides compared to a transcriptome average in yeast of 4.4 ribosomes per 1,000 nucleotides), leaves open the possibility that the ϩ452 form of PRY3 may produce a protein product (34) . There is an inframe AUG at ϩ568 that could be utilized for translational initiation. This putative short Pry3 protein would lack a secretory signal and therefore, if made, would likely be cytoplasmic. In addition, the shorter protein would lack the SCP domain and have no other recognizable function. If a short form of Pry3p is made, it is not required for mating, since strains with a complete deletion of PRY3 mate as efficiently as (this paper) or better than (16) wild-type strains; however, this does not preclude the possibility that a putative short Pry3p could have an undiscovered function that is not required for efficient mating. These results, together with the lack of an established function for the short transcript, point to an alternative class of interpretations in which the regulated shift in promoter usage is the by-product of a repression mechanism directed towards limiting expression of inhibitory full-length PRY3 in daughter cells during mating.
In contrast to the ⌬pry3 strain, removal of the two PREs, which prevented down-regulation of PRY3 in addition to blocking induction of the short transcript, resulted in a 40 to 50% reduction in mating efficiency of the total population compared to wild type. This result is consistent with continued production of full-length Pry3p completely inhibiting mating in newborn daughter cells, which compose 40% of a growing population of cells (42) .
Regulation of PRY3 in daughter cells. During their extended G 1 phase (9, 28), daughter cells express PRY3 from the Ϫ76 transcriptional start site in an Ace2p-and TATA box-dependent fashion. Upon exposure to pheromone, expression of the short form of PRY3 also relies on Ace2p-dependent activity at the UAS 1 promoter region, despite the fact that Ste12p is a robust transcriptional activator. This observation suggests models where the induction of full-length PRY3 transcript in newborn daughter cells and the Ste12p-dependent induction of the short form depend on Ace2p-dependent chromatin remodeling for exposure of TATA box 1 and the two PREs. Another possibility is that Ace2p and Ste12p might both be required to recruit TATA binding protein (TBP), RNA Pol II transcriptional machinery, or other cofactors to the downstream start site to generate the short form of PRY3 following pheromone exposure. Based on the results reported here, Ste12p would not be expected to activate synthesis of the ϩ452 PRY3 transcripts in mother cells, because of the dependence on Ace2p.
Ste12p functions as a transcriptional repressor. Ste12p is a potent transcriptional activator. Induction of the pheromone response pathway leads to activation of more than 200 genes in a STE12-dependent manner (43, 44 (44) . From studies reported here, binding of Ste12p to the PREs in the promoter of PRY3 appears to provide a mechanism for rapid, gene-specific repression. To our knowledge this is the first report of Ste12p acting directly as a repressor of gene expression through any mechanism. The concomitant activation of the intragenic PRY3 promoter by Ste12p, producing the short transcript, could be due to the unmasking of cryptic promoter elements as the result of the proximate binding of this strong transcriptional activator. It seems quite possible that activation of cryptic intragenic promoters may often occur when transcription activators are utilized as repressors and in the absence of any selection against it. Cryptic intragenic TATA boxes and transcriptional start sites have previously been found, although experimentally induced aberrations in transcriptional elongation were required to reveal these cryptic start sites (7, 23) . Given the location of the PREs only 12 nucleotides 3Ј of TATA box 1, pheromone-activated Ste12p could compete for occupancy of this region (57), either displacing TBP or inhibiting assembly of an RNA Pol II preinitiation complex (27) . Transcriptional interference through promoter occlusion has been demonstrated previously; however, this typically requires activation of an upstream promoter followed by transcriptional elongation through the downstream promoter, in the process disrupting assembly of functional transcription complexes (1, 10, 36) . The results with PRY3 suggest a model where Ste12p acts directly as a repressor of transcription by possibly preventing nucleation of the RNA Pol II transcriptional machinery at the full-length core promoter region or through another chromatin-modifying mechanism. A similar mechanism has been suggested for repression of ZRT2 during severe zinc limitation, through binding of the transcriptional activator Zap1p at a zinc response element located 3Ј of the TATA box and overlapping the transcriptional start site (4) .
The architecture of the PRY3 promoter region is one solution to actively repressing expression of a gene in response to an environmental signal. PRY3 regulation may be representative of a general strategy for transcriptional repression, since other genes in our original screen for altered 5Ј transcript leaders (29) have similar promoter architectures (our unpublished observation), including another cell wall protein, CRH1. It seems likely that other instances of this regulatory strategy will be found to coordinate induction and repression within a regulatory network under conditions where transcription factors are activated in response to environmental cues.
